Plasma lipid profiles were determined in two inbred strains of mice, C57BR/cdJ and CBA/J, fed either a normal chow or an atherogenic diet for a 15-week period, starting at 10 weeks of age. On the chow diet, the C57BR/cdJ had significantly higher mean free cholesterol, esterified cholesterol, and total lipid values, and a significantly lower mean phosphatidylcholine/free cholesterol ratio than the CBA/J mice. On the atherogenic diet, the C57BR/cdJ had significantly higher mean levels for all lipid classes, except triacylglycerols, than the CBA/J mice. The mean plasma free cholesterol and esterified cholesterol levels of the C57BR/cdJ were four times greater than those of the CBA/J strain on the atherogenic diet. The mean plasma phosphatidylcholine/free cholesterol ratio of the C57BR/cdJ mice on the high cholesterol diet was 0.87 compared to 1.91 for CBA/J mice. These plasma lipid changes were associated with a marked development of atheromatous deposits in the wall of the aortic sinus of the C57BR/cdJ compared to the CBA/J animals. The phosphatidylcholine/free cholesterol ratios of the liver lipids of both strains decreased from 2.5-2.7 on the chow diet to 1.0-1.1 on the high cholesterol diet. It is suggested that a plasma phosphatidylcholine/free cholesterol ratio less than 1 represents a supersaturation of the vascular system and the vessel wall with cholesterol, which leads to a destabilization of the plasma membranes of the endothelial and smooth muscle cells, and an infiltration of the vessel wall by the plasma lipids. (Arteriosclerosis 3:389-397, July/August 1983) T he pathogenesis of atherosclerosis is believed to depend on complex interactions of the constituents of the blood and the hemodynamic stresses acting on the endothelial cells lining the vessel wall, on the smooth muscle cells in the media, and on the supporting connective tissue components within the vessel wall itself. The accumulation of lipid within the vessel wall that results in the development of the initial fatty atheromatous lesion in humans is usually preceded by hypercholesterolemia and hyperlipoFrom the Banting and Best
T he pathogenesis of atherosclerosis is believed to depend on complex interactions of the constituents of the blood and the hemodynamic stresses acting on the endothelial cells lining the vessel wall, on the smooth muscle cells in the media, and on the supporting connective tissue components within the vessel wall itself. The accumulation of lipid within the vessel wall that results in the development of the initial fatty atheromatous lesion in humans is usually preceded by hypercholesterolemia and hyperlipo-proteinemia. 1 Elevated total plasma cholesterol has become recognized as one of the most general indicators of risk for atherosclerosis in humans. 2 This is supported by the finding of extensive deposition of free cholesterol and cholesteryl esters in atheromata. 3 The mechanism of the implied infiltration of tissues by plasma lipids has remained obscure, although plausible theories have been advanced. 45 It has been recently reported 6 that in humans a decreased plasma phosphatidylcholine/free cholesterol ratio shows a higher correlation with ischemic vascular disease than does the plasma total cholesterol, or the high density lipoprotein cholesterol. In the present studies we have determined the plasma total lipid profiles in two inbred strains of mice, one of which develops significantly higher total cholesterol levels and significantly larger atheromatous lesions than the other on a high cholesterol diet. 78 The results confirm an abnormally low phosphatidylcholine/free cholesterol ratio as an indicator of susceptibility to development of atheromata.
Methods Table 1. Composition of High Cholesterol Diet

Animals
Male mice of the C57BR/cdJ and CBA/J strains were purchased from the Jackson Laboratory (Bar Harbor, Maine) at 6 weeks of age and placed on Purina Laboratory Chow (containing 4.5% crude fat) and water ad libitum. At 10 weeks of age, mice of each strain were divided into experimental and control groups. The experimental groups were started on a mixture of 70% high cholesterol diet 7 ' 8 (Table 1 ) and 30% Purina Laboratory Chow for 2 days, then on an 80:20 percent mixture for 4 days, and finally were maintained on a 90:10 mixture of the high cholesterol and chow diet for periods of 3, 5, 10, and 15 weeks until sacrificed. The corresponding control animals were continued on the Purina Laboratory Chow. As the dietary periods were completed, the experimental animals and their corresponding controls were made to fast for 16 hours and then sacrificed using intraperitoneal sodium pentobarbital anesthesia. Approximately 1.0 ml of whole blood was removed from the inferior vena cava of each animal and chilled on ice. Immediately following withdrawal of the blood, the heart and ascending aorta were removed for fixation and sectioning.
Preparation and Evaluation of Tissue Sections
Transverse sections through the wall of the aortic sinus were cut with a freezing microtome and stained with Oil Red 0 and counterstained with hematoxylin and Light Green. The sections were examined with the light microscope and classified independently by two observers as described previously. 7 The region of the aortic sinus wall, where the valves attach, consistently showed the earliest and largest lesions. Only sections that contained portions of the attachments of aortic valves to the sinus wall were considered, and usually 10 of the 21 sections from each heart fulfilled this criterion. One section was selected from these 10 sections that showed the highest total number of foam cells and the largest single lesion was selected from those 10 sections. A foam cell was considered to be a cell in which there were sufficient fat droplets to make the cytoplasm of the cell bulge. Each section was classified independently by two observers into one of four categories for each of the two parameters: the total number of foam cells and the size of the largest single lesion. Fortran computer programs determined the value of chi square for each of the two parameters, indicating if there was a significant difference between any two groups of mice.
Determination of Plasma Total Llpld Profiles
Plasma total lipid profiles were recorded separately for each animal in the experimental and control groups, as described previously for human plasma. 10 In this routine, 0.1 to 0.25 ml of plasma is digested with phospholipase C, which converts the cholinecontaining phospholipids into the corresponding monoacylglycerols, diacylglycerols, and ceramides and leaves the neutral lipid esters intact. A total lipid extract of the digestion mixture is then prepared in the presence of an internal standard, tridecanoylglycerol, and a dry residue of the mixture is treated with trimethylsilylating reagents. The various trimethylsilyl derivatives are resolved, along with the neutral lipid esters, according to their molecular weight to yield a quantitative lipid profile from which the concentrations of free cholesterol (FC), sphingomyelin (SPH), phosphatidylcholine (PC), and esterified cholesterol (EC), and their ratios (PC/FC, PC/ SPH, FC/EC, FC/TC), are calculated. The technique is applicable to mouse plasma as it has been shown (Shaikh NA, Kuksis A, Roberts A, unpublished data, 1982) to contain over 95% of its phospholipid as phosphatidylcholine, lysophosphatidylcholine, and sphingomyelin, which are readily attacked by phospholipase C from Clostridium welchii. The smaller amounts of phosphatidylethanolamine and phosphatidylinositol also present, do not interfere with the determination of the plasma total lipid profiles.
Determination of Liver and Erythrocyte Llplds
Total lipid extracts of liver were obtained by extraction with chloroform/methanol (2:1) as described by Folch et al." Nonlipid contaminants were removed by several washes of the lipid extract with 0.9% NaCI. The phospholipid and neutral lipid classes were resolved by TLC on silica gel H using chloroform/methanol/acetic acid/water (100:46:20:7) as the developing solvent. 12 The phospholipid and neutral lipid fractions were located by brief exposure to iodine vapor and by spraying the plates with 2,7-dichlorofluorescein. The phosphorus content of the fractions was determined by the method of Bartlett 13 after digestion of the lipid-containing silica gel in a 1 -2 mixture of perchloric and sulfuric acids. 12 The neutral lipid classes were recovered from the top of the TLC plates by extraction with chloroform-methanol (2:1). After partition with water, the chloroform layer was evaporated to dryness, the residue was trimethylsilylated, and the reaction mixture was analyzed by high temperature GLC in the presence of tridecanoylglycerol as an internal standard. 10 The phospholipids of saline-washed red blood cells were extracted with chloroform/methanol (2:1) as described by Nelson. 14 The phospholipid classes were resolved by TLC on silica gel H using the above solvent system. 12 The individual phospholipids were quantitated on the basis of their fatty acid content as previously described. 15 The diacylglycerophospholipid/free cholesterol ratios of the red blood cells were determined following methanolysis of the total lipid extracts by capillary GLC using an 8 m open tubular column coated with SE-54 which was installed in an instrument equipped with an on-column injector. Temperature was programmed from 40° to 330°C at 30°C/minute. Figure 1 illustrates the general nature of the gas chromatograms obtained for the plasma total lipids of the C57BR/cdJ and CBA/J mice after 15 weeks on the high cholesterol and control chow diets. The overall patterns are similar to those recorded for plasma total lipids of rats 16 and humans, 17 which have been analyzed by this method previously. The plasma lipid profiles include a peak (Peak 30) for tridecanoylglycerol, which has been added as the internal standard in equal amounts to identical aliquots of plasma. The other peaks represent free cholesterol (Peak 27), ceramides (Peaks 34 and 42), diacylglycerols (Peaks 36, 38,40), cholesteryl esters (Peaks 43, 45, 47) and triacylglycerols (Peaks 50, 52, 54). The mean values ± SEM in mg/dl for the main plasma lipid classes, and their molar ratios, are given in Table 2 . There were no significant changes in the mean plasma total triacylglycerol levels for either strain on the high cholesterol or the control Values are means ± 1 SEM; sample sizes in parentheses. FC = free cholesterol; EC = esterified cholesterol; TC = total cholesterol; TG = triacylglycerols; PC = phosphatidylcholine; SPH = sphingomyelin; TL = total lipid. chow diets. The mean plasma total cholesterol levels were similar to those reported previously. 78 On the high cholesterol diet, the C57BR/cdJ mice showed increases of nearly 400%, 600%, 500%, and 70% in free, esterified cholesterol, total cholesterol, and total phosphatidylcholine, respectively, over the values observed on the chow diet. As a result, the PC/ FC ratio for the C57BR/cdJ mice was 0.87. The CBA7 J mice on the high cholesterol diet showed increases of only 200% in the free and esterified cholesterol, and of 50% in the plasma phosphatidylcholine level, when compared to the control chow diet. The PC/FC ratio for the CBA/J mice was 1.91. The corresponding PC/FC ratios for the C57BR/cdJ and CBA/J mice on the high cholesterol diet at 10 weeks were 0.7 and 1.2, and at 3 weeks 0.95 and 2.1, respectively. Table 3 shows that the mice of both strains on the high cholesterol diet had significantly higher mean levels (p < 0.002 for all values) than their corresponding chow controls for all classes of lipids except total triacylglycerols. Furthermore, the C57BR/ cdJ had significantly higher mean levels of all lipids than the CBA/J strain on either the high cholesterol or the chow diets, except for total triacylglycerols on both diets, and for phosphatidylcholine on the chow diet. On the chow diet both strains of mice had significantly higher PC/FC ratios than on the high cholesterol diet, with the CBA/J mice having significantly higher values than the C57CR/cdJ mice on either diet. On the high cholesterol diet the C57BR/cdJ mice showed a 200% increase in sphingomyelin when compared to the chow controls, while the CBA/ J mice showed only a 60% increase, which was not significantly different from that seen on the chow diet. Thus the significantly lower PC/SPH ratio for the C57BR/cdJ mice on the high cholesterol diet was due largely to the much greater increases in the sphingomyelin when compared to phosphatidylcholine, although the latter was also increasing. Table 4 gives the mean ± 1 SEM of plasma proportions of the major molecular species of cholesteryl esters and phosphatidylcholines of the two strains of mice after 15 weeks on the high cholesterol and control chow diet. On the high cholesterol diet, the C57BR/cdJ mice had increased proportions of cholesteryl palmitate (C 43 ) and cholesteryl oleate (C 45 ), while cholesteryl arachidonate (C 47 ) was markedly decreased and accounted for only 10% of the mean plasma level on the control chow diet. The mean cholesteryl arachidonate level of the CBA/J mice on the high cholesterol diet was reduced to 47% of the level on the control chow diet. The molecular species of the phosphatidylcholines of the C57BR/cdJ mice remained about the same on both diets, while those of the CBA/J mice on the high cholesterol diet showed a significant decrease in the higher molecular weight components when compared to the control chow diet. Table 5 summarizes the number of mice in each of the four categories for the two test parameters: the total number of foam cells and the size of the largest 'Represents the number of mice in each sample. tRepresents the section from an individual mouse that showed the highest number of foam cells. iRepresents the section from an individual mouse that contained the size of the largest single lesion as a fraction of the aortic sinus wall between two adjacent valve cusps. Table 6 records the group that had the significantly higher mean when the two strains were compared for each of the two parameters. In parallel to the data given in Table 3 for the lipid classes, each strain on the high cholesterol diet had significantly higher means than the corresponding mice on the control chow diet for each of the four time periods, as did the C57BR/cdJ mice when compared to the CBA7 J mice on the high cholesterol diet. A comparison of the two strains of mice on the control chow diet shows no significant differences in the number of foam cells, but the C57BR/cdJ had significantly larger lesions than the CBA/J mice at 3 and 5 weeks. The earliest blush of fat was almost always seen in the aortic sinus wall beneath the attachment of a valve cusp. No biochemical analyses were made of the composition of the lipids in the aortic sinus wall. Table 7 gives the mean values for total lipids and the PC/FC and PC/SPH ratios of liver and of the PC/ FC and PC/SPH ratios of the erythrocytes of the susceptible and resistant strains of mice on the high cholesterol and chow diets. On the high cholesterol diet, both strains accumulated large amounts of cho- Values are the average ± range/2 (livers) and mean ± SD (erythrocytes) for two and six animals per test group.
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lesteryl esters in their livers in parallel with the plasma lipid changes. Interestingly, the resistant strain accumulated significantly more of the cholesteryl esters as well as of the triacylglycerols than did the susceptible strain. There was a slightly higher amount of total phospholipid in the liver of the resistant strain on the high cholesterol diet, but this strain also had a higher amount of liver phospholipid on the chow diet. In keeping with the plasma lipid changes, there was a marked decrease in the PC/FC ratio of the liver lipids of both strains of mice on the high cholesterol diet. The anticipated difference between the two strains was not seen, as the saturation point apparently had already been reached in both instances at the 15-week dietary period. A characteristic drop in the PC/SPH ratio, however, was noted for the liver lipids of the susceptible strain on the high cholesterol diet. There were no significant differences in the PC/FC or PC/SPH ratios of the red blood cells between the strains of mice or between the chow and high cholesterol diets. In all instances the PC/FC ratio was near 1, representing the usual saturation level for the plasma membrane of the red blood cell.
Discussion
The present study demonstrates that the development of atheromata in the C57BR/cdJ mice is associated with greatly decreased plasma PC/FC and PC/SPH molar ratios, as well as with a marked reduction in the arachidonic acid content of the cholesteryl esters. Comparable changes with dietary alterations were seen in the PC/FC and PC/SPH ratios in the liver. The PC/FC ratio in the susceptible strain did not differ significantly from that in the resistant strain presumably because the saturation point already had been reached at the 15-week dietary period for both strains on the high cholesterol diet. Likewise, no significant change could be demonstrated for the PC/FC ratio of the red blood cell lipids, which gave values near 1 at all times. Assuming that the bulk of the free cholesterol and the choline-containing phospholipids reside in the membranes of the liver cells, it is apparent that a relative deficiency of phosphatidylcholine or an excess of free cholesterol and sphingomyelin existed in the susceptible mice on the high cholesterol diet. In other studies we have shown (Breckenridge WC, Roberts A, Kuksis A, unpublished data, 1982 ) that these alterations in the total plasma lipids are associated with a markedly greater increase in a lipoprotein of a broad density spectrum (1.006 < d < 1.063 g/ml) with prebeta mobility on agarose gel electrophoresis in the C57BR/cdJ in comparison to the CBA/J mice on the high cholesterol diet. Since the above changes in the lipid class ratios have been shown to have a critical effect upon the viscosity and stability of lipid mono-and bilayers in vitro, 4 ' 5 it is pertinent to examine, in turn, their more obvious potential influences in vivo and to propose appropriate hypotheses.
It is well known that sterols increase the efficiency of the packing of various pure diacylglycerophospholipids in artificial membranes 18 as well as enhance the degree of order within membrane lipids, 19 and sterols have been considered important factors in regulating membrane fluidity in vivo. 2021 However, when cholesterol concentration is greatly increased in relation to phospholipids, vital transport processes are impaired. Both Papahadjopoulos 4 and Jackson and Gotto 5 have advanced hypotheses involving increases in membrane and lipoprotein cholesterol content as initiating events in the development of atherosclerosis, but specific evidence has been lacking. It is therefore of great interest that the plasma PC/FC molar ratio in the C57BR/cdJ strain, which is the most susceptible to atherosclerosis, on the high cholesterol diet was 0.87, well below the theoretical saturation ratio of 1. Lacuyer and Dervichian 22 have shown that stable systems can only be obtained with PC/FC ratios of 1 or higher. Further increases in cholesterol content result in crystallization of the monolayer. Although the CBA/J mice on the high cholesterol diet also showed a significant decrease in the PC/FC ratio (from 3.3 to 1.9), this strain is able to maintain a PC/FC ratio well above the critical level. The corresponding PC/FC ratios in the livers of the susceptible and resistant strains of mice were 1.0 and 1.1, respectively. On the chow diet, the respective ratios were 2.5 and 2.7. There was no difference between the strains or between the diets in the PC/ FC ratio of the red blood cells, which was equal to approximately 1, and therefore represented a fully saturated state at all times. On the high cholesterol diet, the CBA/J developed significantly smaller atheromatous lesions and significantly fewer foam cells than did the corresponding C57BR/cdJ mice at all periods of time. In a previous study in humans, 8 control subjects with plasma phosphatidylcholine/free cholesterol ratios of 1.5 ± 0.21 appeared free of ischemic vascular disease. Presumably, limited atherosclerosis would have been found by tissue examination, but it had not developed to a stage that caused clinical symptoms or signs. On the control chow diet, both strains of mice maintained PC/FC molar ratios of 2.7 and 3.3, which are associated with high membrane stability, and demonstrated relatively small atheromatous lesions and only the very occasional foam cell.
Monolayer and bilayer fluidity is also known to be influenced by the PC/SPH ratio. In the red blood cell, an increase in the sphingomyelin proportion leads to a reduction in membrane fluidity. 23 Therefore, the increased relative content of sphingomyelin in the C57BR/cdJ mice on the high cholesterol diet may have further contributed to a reduction in the lipoprotein and membrane stability by reducing the lipid fluidity. Apparently, the membrane lipids of the liver cells from the susceptible mice were subject to a similar decrease in the PC/SPH ratio on the high cholesterol diet. There was no comparable difference seen in the PC/SPH ratio of the red blood cells with either the strain of the mice or with the nature of the diet. The decreased PC/FC and PC/SPH ratios are consistent with an inability of the C57BR/cdJ mice to maintain adequate levels of phosphatidylcholine on the high cholesterol diet. These animals experienced a relative decrease in phosphatidylcholine despite the fact that choline chloride was included in the high cholesterol diet and despite a significant increase in the biosynthesis of phosphatidylcholine. The parallel changes in the lipid composition of the arterial tissues (as implied by histological examination) and plasma do not establish a cause and effect relationship, although it is usually assumed that the changes in plasma precede those in the tissues. 24 It must be acknowledged, however, that the plasma lipid alterations could have followed changes in the tissue composition. In either event, the decreased total plasma PC/FC ratio appeared to serve as an effective indicator for susceptibility to atherosclerosis.
The relative deficiency of the phosphatidylcholine may be related to the drastic decrease in the availability of polyunsaturated fatty acids; these acids are necessary for the biosynthesis of the diacylglycerol moieties of the natural phosphatidylcholines. There was a 90% decrease in arachidonic acid content of the cholesteryl esters of the C57BR/cdJ mice on the high cholesterol diet compared to a 53% reduction for the CBA/J strain, which may have been reflected in the arachidonic acid content of the phosphatidylcholines. Alternatively, the relative absence of cholesteryl arachidonate from the plasma lipoproteins of the susceptible strain on the high cholesterol diet may have reflected increased secretion of lipoproteins from the liver, which contain cholesteryl esters rich in oleic and palmitic acids. Detailed analysis of the liver lipids of these mice (Shaikh NA, Kuksis A, Roberts A, unpublished results, 1982) have shown that on the high cholesterol diet the susceptible strain possessed a much higher content of total hepatic cholesteryl esters than the resistant strain. Both strains possessed comparable compositions of the cholesteryl esters rich in oleic and palmitic acids and lacking in linoleic and arachidonic acids. However, a decreased prostaglandin formation (via arachidonic acid) or decreased prostaglandin levels have been directly related to atherosclerosis development. 25 In conclusion, the present study provides further support for the previously observed association of decreased plasma PC/FC ratios with ischemic vascular disease in humans. 6 Although early work had emphasized the protective effect against atherosclerosis of high phospholipid levels 26 and later the ratio of serum glycerophosphoNpids/free cholesterol had been proposed as an indicator of possible abnormalities in lipoprotein fluidity in disease, 27 there had been no specific measurements of the PC/FC ratios under controlled conditions. Recently Morrisett et al. 28 have reported the total phospholipid and free cholesterol weight percentages of the HDL fraction of the C57BR/cdJ and CBA/J mice on a normal diet.
